The present study examined expressions of type I collagen and MMP-1 mRNA of bovine tenocytes in response to elevation in intracellular tension/traction forces induced by either mechanical or chemical stimulation. Tenocytes were cultured in the following conditions: micropillars with the Young's modulus of 75 kPa in a normal culture medium, in the presence of 1 nM calyculin A in the medium or under 4 or 8% static tensile strain in the normal medium. In all the treatments, cell traction forces were increased significantly from the levels of corresponding control tenocytes. However, these increases in traction forces were not associated with statistically significant increase in type I collagen gene expression. Because our treatments induced the increase in traction forces equidirectionally, it is speculated that highly directional increase in traction forces, associated with an elongated cell shape, is required to induce marked upregulation of type I collagen mRNA expression in tenocytes.
Introduction
Intracellular tension has been considered to be a regulatory factor of important cell functions such as cell differentiation [1] . The tension is generated by sliding movements of actomyosin complexes within cells [2] and transmitted to extracellular matrix as contractile force (traction force), imposing tension on the matrix [3] . The cells within the matrix attempt to maintain the tension at a constant level [4] , resulting in the establishment of tensional homeostasis. In tenocytes, it has been exhibited that imposition or withdrawal of matrix tension reciprocally shift cell anabolism and catabolism [5] . We have also demonstrated experimentally that quantitative modulations of cytoskeletal tension within isolated tenocytes, using a micropillar technique, strongly influence gene expression of interstitial collagenase [6] . Findings from these studies give an insight into mechanisms of how tendon tissues respond to mechanical environment, in particular the case of the deprivation of mechanical loading.
In the study from our group mentioned above, cell traction forces were modulated either mechanically or chemically, in a range from 137 to 357 nN by changing substrate stiffness and from 138 to 337 nN by the supplementation of myosin II inhibitor, blebbistatin [6] . With these increases in cell traction forces, MMP-1 gene expression was significantly decreased, but the expression of type I collagen was not affected by such changes. These phenomena were inconsistent with that from the study by Lavagnino and Arnoczky [5] ; type I collagen gene expression was upregulated with downregulation of collagenase gene expression, which was induced by the imposition of tension to the matrix that tenocytes were seeded, leading to an increase in cytoskeletal tension. Accordingly, we speculated that upregulation of type I collagen gene expression in our experimental setting may require a higher magnitude of elevation of cell traction forces.
Therefore, the present study was performed to test the hypothesis that type I collagen mRNA expression can be modulated by a large increase in intracellular tension, using either mechanical or biochemical treatment.
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Materials and Methods

Tenocytes
Tenocytes were isolated from male bovine foot extensors (1.5 to 3 year-old) through a sequential enzymatic digestion of explants using collagenase (Sigma-Aldrich, MO, USA) at a concentration of 100 units/ml in culture medium, consisting of DMEM supplemented with 10% FBS, 100 units/ ml of penicillin, and 100 μg/ml of streptomycin (all from Gibco, Life Technologies, CA, USA), at 37°C/5% CO 2 . Tenocytes obtained were cultured and used for experiments described below at passages 2 to 4.
Study design
The present study consists of three sub-studies (Fig. 1) . In sub-study 1, cytoskeletal tension of tenocytes was elevated using micropillar substrate with high spring constant. In substudy 2, cytoskeletal tension was elevated using a chemical agent, calycluin A, which inhibits the activity of an enzyme to de-phosphorylate myosin light chain, MLCPase. In substudy 3, we applied static tensile strain to tenocytes on micropillar substrate to elevate cytoskeletal tension along the direction of tensile strain.
Micropillar fabrication
Elastic micropillars in a square array were made from polydimethylsiloxane (PDMS) using photolithography and softlithography techniques [7] . Micropillars, with a diameter of 3 μm and the centre -centre spacing of 8 μm, were designed to have the height of 4 or 8 μm. Effective elastic modulus was 75 and 18 kPa for the pillar with the height of 4 and 8 μm, respectively [8] . These values were achieved using a 7:1 mixture of PDMS polymer and its crosslinker (Sylgard 184, Dow Corning, MI, USA) for 75 kPa substrate and a 10:1 mixture for 18 kPa substrate. For sub-studies 1 and 2, each micropillar substrate was fabricated on a cover slip with a diameter of 30 mm, and was attached to the bottom of a bottomless 35 mm cell culture dish (Iwaki, Asahi Glass Co. LTD., Tokyo, Japan) using silicone glue. For substudy 3, a micropillar substrate of 8 μm height fabricated on a coverslip was peeled off and bonded to a silicone chamber following an air plasma treatment (Fig. 2) . The Young's modulus of the bottom membrane (microgroove membrane) was approximately 2,000 kPa. The tops of micropillars was coated with type I collagen from bovine tendon (Trevigen, MD, USA) using a micro-contact printing method [6, 7] .
Traction force experiments
Tenocytes were seeded on the substrate at a density of 12,000 cells/cm 2 . In sub-study 1, micropillar substrates with elastic modulus of 75 and 18 kPa were used to seed isolated tenocytes. In sub-study 2, micropillar substrates with the modulus of 18 kPa were used. In both cases, the cells were incubated for 24 hours in a CO 2 incubator at 37°C. To modulate cell traction forces chemically by enhancing actomyosin contractility, calyculin A (Sigma-Aldrich) dissolved in DMSO (Sigma-Aldrich) was supplemented to the culture medium, at the final concentration of 1 nM, at 20 hours of the 24 hours incubation period. In sub-study 3, silicone chambers with 18 kPa micropillars were used. Tenocytes were seeded as described above. Static tensile strain, with the magnitude of 4 or 8%, was applied to the chamber, after the confirmation that the cells firmly attached to the tops of micropillars In all sub-studies, photomicrographs of tenocytes and the tips of micropillars were obtained at the end of the 24 hours incubation period, under an inverted microscope (IX81, Olympus) with a 20× objective lens.
Cell traction forces were determined by multiplying the deflections of micropillars by the spring constant of micropillars. The deflection of each pillar was determined from the difference between the original and deflected coordinates of the tips. Sum of the magnitude of traction forces (ΣF) generated within a single tenocyte was calculated to represent a gross contractility. For morphology analysis, cell spread area and shape index (SI) were determined; SI was defined as 4πA/P 2 , where A and P is cell area and cell perimeter, respectively.
For gene expression analysis for type I collagen and MMP-1, RNA extraction and quantitative PCR were performed in the same protocols described previously [6] . Data are presented mean ± standard deviation. To compare three groups, one-way ANOVA was performed, followed by Tukey-Kramer post hoc tests if statistical significance was found. To compare two groups, Student's t-test was performed. For all comparisons, statistical significance was prescribed at a 5% level (p < 0.05).
Results
Responses on micropillar substrate with high elastic modulus
On the 18 kPa substrate, the sum of the magnitude of traction forces generated by single tenocytes was approximately 270 nN. This was elevated to approximately 350 nN on the 75 kPa substrate (Fig. 3) . The difference between two substrates was statistically significant. Cell area and SI were also increased on the 75 kPa (Table 1) , the latter of which was statistically significant.
For gene expression, type I collagen mRNA expression on the 75 kPa substrate was lower than that on the 18 kPa substrate (Fig. 3) . There was the same trend observed in MMP-1 mRNA expression. The difference between the two substrates in both genes was not statistically significant.
Response to calyculin A treatment
The supplementation of 1 nM calyculin A increased traction forces remarkably (Fig. 4) . The mean of the sum of traction forces was 1080 nN, which was significantly higher than that of DMSO group (vehicle control). Cell area and SI were significantly decreased and increased in calyculin A-treated tenocytes compared to DMSO controls, respectively (Table 1) .
For gene expression, in contrast to changes in traction forces, there were no significant changes in the expression of both type I collagen and MMP-1 (Fig. 4) .
Responses to static tensile strain
Application of static tensile strain induced significant increases in traction forces from the level of unstrained controls in the case of both strain amplitudes. Cell area was significantly decreased by the application of 4% strain from the control level, but that was significantly increase by the application of 8% strain (Table 1) . SI was significantly decreased from the control level in the both strained groups. No significant alterations were observed in mRNA expression of type I collagen and MMP-1 between unstrained controls and the cells subjected to 8% strain (Fig. 5(b) ).
Discussion
Results obtained suggest that a large magnitude of increase in intracellular tension does not always induce an upregulation of type I collagen gene expression in tenocytes. Furthermore, the increase in intracellular tension may be required to be directional. In the sub-studies 1 and 2, the increases in traction forces were associated with the increase in shape index ( Figs. 3 and 4 the increases in cell shape index indicates that tenocytes became in a relatively round shape, it is implied that large traction forces were generated from all directions of the cell edge (equidirectional increase). Thus, even though traction forces were increased to 1080 nN in the sub-study 2, type I collagen mRNA expression was not significantly changed from the control level. In subs-study 3, the application of static tensile strain to tenocytes on micropillar substrates increased traction forces and decreased shape index, indicating that the cells became elongated ( Fig. 5 ; Table 1 ). However, no change was observed in type I collagen mRNA expression. It was demonstrated in a previous study [9] that highly elongated tenocytes, with an aspect ratio of 19.6, corresponding shape index of 0.15, expressed higher level of type I collagen mRNA compared to those with relatively round shapes. Thus, tenocytes subjected to 8% static tensile strain might need to be elongated further to upregulate type I collagen gene expression. These findings highlights the importance of the elongation of tenocyte morphology in the regulation of tenocyte functions, in particular tenocyte anabolism. In addition to type I collagen mRNA, there were no significant changes in the expression of MMP-1 mRNA in any of the three sub-studies. This may be due to that the levels of intracellular tension within tenocytes in the three experiments were higher than a level inducing an upregulation of MMP-1 gene expression. It was demonstrated in our previous study that there was a significant difference in MMP-1 gene expression level in tenocytes between on a 6 kPa micropillar substrate and on a 33 kPa micropillar substrate [6] . In the present study, we set control group of tenocytes which were on 18 kPa micropillar substrate, and examined the effect of the elevation of traction forces from the control group on the expressions for type I collagen and MMP-1. Thus, given that the cells on the 18 kPa substrate (control cells) already had a sufficient level of intracellular tension that possibly suppressed the expression of MMP-1, there would not have been any further change (decrease) in MMP-1 gene expression from tenocytes with higher intracellular tension than the control cells. Another possible reason could be the timing of the assessment of MMP-1 gene expression. In previous studies, upregulations of MMP-1 mRNA expression from tenocytes was detected 24 hours after culturing in stress-deprived condition [10] , or 24 hours after culturing on a soft micropillar substrate [6] . However, there was also a report that MMP-13 gene expression was significantly upregulated after a 10 minutes application of 5% cyclic tensile straining to tendon fascicles [11] . Therefore, changes in MMP-1 gene expression might have been detected in the present study if it was examined at an earlier time point than 24 hours.
In the present study, we have analysed the results using the sum of the magnitude of all traction forces generated by single cell, which represents a gross contractility of the cell. Although this method has been successfully used to correlate cell mechanics and cell physiological functions [6] , alternative parameters, such as an absolute amount of the sum of the force vectors, may also correlate cell mechanics and functions.
For the confirmation that tenocytes on microgrooves were stretched 4 and 8% when the microgroove device was stretched the same magnitudes, we had confirmed in a pilot study that the distance between micropillars were increased 4 and 8% when the device was stretched 4 and 8%, respectively. Nonetheless, these observations had been done without the presence of cells, and thus, it is a limitation of this study that actual deformation applied to the cells was not confirmed.
Conclusions
Type I collagen mRNA expression in tenocytes was not upregulated by increases in cell traction forces by culturing the cells on high stiffness micropillars, in the presence of caluculin A or under static tensile strain.
